Cell spheroids represent attractive building units for bone tissue engineering, because they provide a threedimensional environment with intensive direct cellcell contacts. Moreover, they allow for co-culture of both osteoblasts and vessel-forming cells, which may markedly increase their survival and vascularisation after transplantation. To test this hypothesis, we generated coculture spheroids by aggregating different combinations of primary human osteoblasts (HOB), human dermal microvascular endothelial cells (HDMEC) and normal human dermal fibroblasts (NHDF) using the liquid overlay technique. Mono-culture spheroids consisting either of HOB or HDMEC served as controls. After in vitro characterisation, the different spheroids were transplanted into dorsal skinfold chambers of CD1 nu/nu mice to study in vivo their viability and vascularisation over a 2-week observation period by means of repetitive intravital fluorescence microscopy and immunohistochemistry. In vitro, co-culture spheroids containing HDMEC rapidly formed dense tubular vessel-like networks within 72 h and exhibited a significantly decreased rate of apoptotic cell death when compared to mono-culture HDMEC spheroids. After transplantation, these networks interconnected to the host microvasculature by external inosculation. Of interest, this process was most pronounced in HOB-HDMEC spheroids and could not further be improved by the addition of NHDF. Accordingly, HOB-HDMEC spheroids were larger when compared to the other spheroid types. These findings indicate that HOB-HDMEC spheroids exhibit excellent properties to preserve viability and to promote proliferation and vascularisation. Therefore, they may be used as functional vascularisation units in bone tissue engineering for the seeding of scaffolds or for the vitalisation of non-healing large bone defects.
Introduction
Reconstruction of critical sized bone defects represents a daily challenge in traumatology and often requires bone grafting. At present, the transplantation of freshly isolated autologous bone is considered to be the golden standard, although it bears substantial drawbacks like limited graft availability and significant donor-site morbidity (Fröhlich et al., 2008) . To overcome these problems, bone tissue engineering may be a promising alternative. Despite considerable progress in this field during the last two decades, however, bone tissue engineering approaches have not yet been translated into clinical practice (Amini et al., 2012) . It is widely recognised that this is primarily due to an insufficient blood supply of both the implanted tissue construct and the defect site (Amini et al., 2012) . Accordingly, there is an urgent need for the development of improved vascularisation strategies (Laschke and Menger, 2012) . To provide optimal conditions for the development of new microvessels in bone tissue constructs, it may be advantageous to mimic the physiological milieu of natural bone. This involves the interaction of endothelial cells with osteoblasts in a co-culture setup (Santos et al., 2009) . In addition, the cells may be aggregated to threedimensional spheroids, which enable intensive direct cell-cell contacts and, thus, are superior to conventional monolayer approaches (Ivascu and Kubbies, 2006) . In fact, spheroids have been shown to be more resistant against hypoxia and apoptotic cell death (Bhang et al., 2011) . Moreover, they secrete higher levels of pro-angiogenic growth factors such as vascular endothelial growth factor (VEGF) and fibroblast growth factor (FGF)-2 (Bhang et al., 2011) . In line with these findings, we could recently demonstrate that polyurethane scaffolds, which are seeded with spheroids consisting of murine adipose-derived mesenchymal stem cells, exhibit a markedly improved vascularisation when compared to cell-seeded control scaffolds .
Accordingly, the aim of the present study was to generate spheroid-based individual vascularisation units for bone tissue engineering by aggregating different combinations of primary human osteoblasts (HOB), human dermal microvascular endothelial cells (HDMEC) and normal human dermal fibroblasts (NHDF) in form of co-culture spheroids. HOB are immature osteoblasts, which can differentiate into a mature, bone-forming phenotype . Endothelial cells are able to form tubular vessel-like structures when embedded as spheroids in a three-dimensional collagen gel (Korff R Walser et al. Vascularisation of co-culture spheroids et al., 2001) . Finally, NHDF are an important source of proteins of the extracellular matrix (Klingberg et al., 2013) , and, therefore, contribute to the stabilisation of newly formed microvessels (Nicosia et al., 2011) . The vascularisation of the generated spheroids was analysed in the mouse dorsal skinfold chamber model. This model allows for the repetitive in vivo evaluation of angiogenesis and vascularisation by means of intravital fluorescence microscopy and immunohistochemistry (Menger et al., 2002; Laschke et al., 2011) . Thereby, blood vessel formation in response to transplanted tissues and implanted biomaterials can easily be detected due to the fact that angiogenesis does normally not occur in empty dorsal skinfold chambers . Monoculture spheroids consisting of HOB or HDMEC served as controls.
Materials and Methods
Cell culture HOB, HDMEC and NHDF are commercially available primary cells (PromoCell, Heidelberg, Germany), which were used in this study up to passage eight. All three cell types were expanded in master cell banks to ensure standardised conditions for subsequent cell culture experiments. HOB were cultivated at 37 °C, 95 % humidity and 5 % CO 2 until near-confluence in Dulbecco's Modified Eagle Medium (DMEM; PAA, Cölbe, Germany) supplemented with 15 % foetal calf serum (FCS, PAA), whereas HDMEC were cultivated in endothelial cell growth medium MV (PromoCell) and NHDF were cultivated in Quantum 333 (PAA) using 75 cm 2 tissue flasks (Greiner Bio One, Frickenhausen, Germany). Standard trypsination procedures were used to detach the cells.
Generation of spheroids
Spheroids were generated using the liquid overlay technique, as previously described in detail (Metzger et al., 2011) . Mono-culture spheroids containing 100 % HOB or 100 % HDMEC were compared with co-culture spheroids containing HOB-HDMEC (50 % HOB, 50 % HDMEC) or HOB-HDMEC-NHDF (50 % HOB, 25 % HDMEC, 25 % NHDF), respectively. For the generation of spheroids, an 1 % agarose stock solution (Sigma-Aldrich, Taufkirchen, Germany) was prepared in distilled water and was sterilised by autoclaving. Prior to the seeding of cells, the agarose was melted in a microwave oven. The bottom of 96 flatbottomed well plates (Greiner Bio One) was coated with 50 µL of liquid agarose, which served as a non-adherent surface. After cooling down the plates for 1.5 h 50,000 cells were seeded in a volume of 100 µL cell culture medium. The composition of the medium reflected the cellular composition of the spheroids. The seeded cells could not adhere to the agarose coating and, thus, spontaneously aggregated to three-dimensional spheroids, which were harvested after 72 h.
Dorsal skinfold chamber model
The vascularisation of the different spheroids was analysed in the mouse dorsal skinfold chamber model by means of intravital fluorescence microscopy . All animal experiments were approved by the local governmental animal care committee and were conducted in accordance with the German legislation on protection of animals and the NIH Guidelines for the Care and Use of Laboratory Animals (NIH Publication #85-23 Rev. 1985) .
Dorsal skinfold chambers were implanted in CD1 nu/ nu mice (10-12 weeks old, 25-30 g body weight; Charles River Laboratories GmbH, Sulzfeld, Germany). The mice were kept in single individually ventilated cages at a temperature of 22-24 °C, a relative humidity of 60-65 % and a 12 h day-night cycle. The mice had free access to standard laboratory chow (Altromin, Lage, Germany) and drinking water ad libitum.
For the implantation of the dorsal skinfold chamber, the mice were anaesthetised by an intraperitoneal injection of 75 mg/kg ketamine (Ursotamin ® ; Serumwerk, Bernburg, Fig. 1 . (a) CD1 nu/nu mouse with a dorsal skinfold chamber (chamber weight ~ 2 g). Within the observation window (arrow) all segments of the microcirculation including arterioles, capillaries, and venules of the striated skin muscle and subcutaneous tissue can be analysed using intravital fluorescence microscopy. Scale bar: 1.3 cm. (b) Schematic figure displaying the different tissue layers contained within the chamber preparation, including striated skin muscle (panniculus carnosus muscle), subcutis, and cutis. In the present study, the spheroids were transplanted onto the striated skin muscle, which was covered with a removable coverslip incorporated into one of the titanium frames.
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Germany) and 25 mg/kg xylazine (Rompun ® ; Bayer, Leverkusen, Germany). Subsequently, two symmetrical titanium frames were implanted on the extended dorsal skinfold of the animals, so that they sandwiched the double layer of skin (Fig. 1a) . One layer of skin was completely removed in a circular area of ~15 mm in diameter, and the remaining tissue (consisting of striated skin muscle, subcutaneous tissue and skin) were covered with a removable coverslip incorporated into one of the titanium frames (Fig. 1b) . After the preparation, the mice were allowed to recover from anaesthesia and surgery for 72 h.
Thereafter, spheroids were transplanted into the chambers. For this purpose, the spheroids were stained for 20 min in DMEM (10 % FCS, 100 U/mL penicillin, 0.1 mg/ mL streptomycin; PAA) supplemented with the fluorescent vital dye bisbenzimide (2 µg/mL; H33342; Sigma-Aldrich). On ultraviolet epi-illumination, this dye is characterised by a bright blue fluorescence with only little bleaching that persists through several cell generations. Accordingly, the specific fluorescence/background fluorescence ratio was high enough to precisely delineate the stained spheroids from the surrounding non-stained host tissue within the chamber. In addition, this staining allowed for the quantification of apoptotic cells inside the spheroids, which could be identified by an increased chromatin condensation and fragmentation . After rinsing in phosphate buffered saline (PBS), three spheroids were carefully placed onto the host striated muscle tissue of each dorsal skinfold chamber with a maximal distance to each other and the chamber was closed again with a new coverslip.
Intravital fluorescence microscopy and image analysis
For in vivo microscopic analyses, the anaesthetised mice were placed in right lateral decubital position on a Plexiglas stage. For the visualisation of microvessels by contrast enhancement of the blood plasma, 0.05 mL 5 % fluoresceinisothiocyanate (FITC)-labelled dextran (molecular weight: 150,000 Da; Sigma-Aldrich) was injected intravenously (i.v.) via the retrobulbary space. Subsequently, the mice were positioned under a Zeiss Axiotech microscope (Zeiss, Oberkochen, Germany), which was equipped with 5x, 10x, 20x and 50x long-distance objectives (Zeiss) and a 100 W mercury lamp attached to an epi-illumination filter block for blue, green and ultraviolet light. The microscopic images were transferred by a charge-coupled device video camera (FK6990; Pieper, Schwerte, Germany) to a 14 inch video screen (KV-14CT1E; Sony, Tokyo, Japan) and recorded on DVD for off-line evaluation.
The microscopic images were analysed by means of the computer-assisted analysis system CapImage (Zeintl, Heidelberg, Germany). The analyses included the determination of the spheroid area at day 14 (given in % of the initial area at day 0) and the number of apoptotic cells inside the grafts, which were assessed in 3-4 high power fields (HPF) per spheroid directly as well as at day 3 after transplantation into the dorsal skinfold Vascularisation of co-culture spheroids chamber. In addition, intrinsic vascularisation was defined as the presence of newly formed microvessels inside the spheroids, which did not originate from ingrowing microvessels of the host tissue. These microvessels were filled with erythrocytes over time by developing interconnections to the surrounding host microvasculature. However, they were not perfused with FITC dextranlabelled blood plasma at the time point of microscopic observation and, thus, appeared as black structures in the grafts. The intrinsic vascularisation was evaluated by the following semiquantitative score: 0 = no signs of intrinsic vascularisation; 1 = intrinsic vascularisation of less than 25 % of the spheroid area; 2 = intrinsic vascularisation of less than 50 % of the spheroid area; 3 = intrinsic vascularisation of 50-100 % of the spheroid area; 4 = intrinsic vascularisation excessing the borders of the spheroid (Figs. 2a-e) . Finally, we assessed the take rate of the grafts, i.e. the percentage of spheroids, which exhibited FITC dextran-perfused microvessels at day 14 after transplantation into the dorsal skinfold chamber (Fig.  2f) .
Experimental protocol
Dorsal skinfold chambers were prepared in a total of 32 CD1 nu/nu mice. The animals were randomly divided into 4 groups (n = 8 per group). After 72 h, three spheroids of identical composition were transplanted into each chamber. These spheroids consisted of 100 % HOB, 100 % HDMEC, HOB-HDMEC (50 % / 50 %) or HOB-HDMEC-NHDF (50 % / 25 % / 25 %). Intravital fluorescence microscopy was performed immediately as well as 3, 6, 10 and 14 days after spheroid transplantation. At the end of the in vivo experiments, the animals were sacrificed with an overdose of the anaesthetic and the dorsal skinfold preparations were excised for further immunohistochemical analyses.
Immunohistochemistry
To analyse the distribution and organisation of CD31-positive HDMEC in the different spheroid types, 12 freshly generated spheroids of each group were embedded in 100 µL Hepato-quick (Roche, Basel, Switzerland), 50 µL human citrate plasma (produced by the Institute for Clinical and Experimental Surgery, Homburg/Saar, Germany) and 10 µL calcium chloride (10 %; Merck, Darmstadt, Germany) for 20 min. Subsequently, the spheroids were fixed overnight in 4 % formaldehyde phosphate buffer (Roti ® Histofix; Carl Roth, Karlsruhe, Germany). After dehydration, the tissue was embedded in paraffin (Carl Roth) and cut into 5 µm-thick sections. The sections were stained with a monoclonal rabbit-anti-human antibody against CD31 (1:30; Abcam, Cambridge, UK) followed by a goat-anti-rabbit-Cy3 antibody (1:50; Jackson ImmunoResearch Laboratories, West Grove, PA, USA), which served as secondary antibody. On each section, cell nuclei were stained with bisbenzimide (1:500; H33342; Sigma-Aldrich) to merge the images exactly. The sections were examined using a BZ-8000 microscope (Keyence, Osaka, Japan).
To quantify the number of cleaved caspase-3-positive apoptotic cells inside the spheroids, additional sections were stained with a polyclonal rabbit-antimouse antibody against cleaved caspase-3 (1:100; Cell Signaling Technology, Danvers, MA, USA) followed by a peroxidase-conjugated goat-anti-rabbit antibody (1:100; Jackson ImmunoResearch Laboratories), which served as secondary antibody. Diaminobenzidine served as chromogen. The sections were counterstained with Hemalaun. The sections were examined using light microscopy (BX60; Olympus, Hamburg, Germany). In each spheroid, the number of apoptotic cells were assessed in 2-3 HPF and are given in % of the total cell number/HPF. Because some spheroids were lost during the histological processing, the number of analysed spheroids ranged between 5-8 in the individual groups.
In addition, spheroid-containing dorsal skinfold chamber preparations were carefully excised at the end of the in vivo experiments, i.e. at day 14 after spheroid transplantation, and embedded in paraffin after formalin fixation. To study the origin of newly formed microvessels inside the spheroids (intrinsic human vascularisation vs. in-growing microvessels from the surrounding murine tissue), 5 µm-thick sections were stained with a monoclonal rabbit-anti-human antibody (1:200; Abcam) and a monoclonal rat-anti-mouse antibody (1:30; Dianova, Hamburg, Germany) against CD31 followed by a goat-antirabbit-Cy3 antibody (1:400; Jackson ImmunoResearch Laboratories) and a goat-anti-rat-Alexa 488 antibody (1:400; Invitrogen, Carlsbad, CA, USA), which served as secondary antibodies. On each section, cell nuclei were stained with bisbenzimide (1:500; H33342; SigmaAldrich). The sections were examined using the BZ-8000 microscope (Keyence) for the quantitative analysis of the density of human and murine microvessels inside the spheroids given in mm -2 .
Statistics
After testing the data for normal distribution and equality of variances, differences between the groups were analysed by one way ANOVA followed by the Student-Newman-Keulstest (SigmaStat; Jandel Corporation, San Rafael, CA, USA). In case of not-normally distributed data, differences between groups were analysed by Kruskal-Wallis one way ANOVA on Ranks followed by the Dunn's test according to the Bonferroni principle. Statistical significance was accepted for a value of p < 0.05. All data are given as means ± SEM.
Results
Cellular organisation and apoptotic cell death in freshly generated spheroids Using the liquid overlay technique, it was possible to generate three-dimensional mono-culture spheroids of HOB and HDMEC as well as co-culture spheroids of HOB-HDMEC and HOB-HDMEC-NHDF under highly standardised conditions. After 72 h, the spheroids were stable and exhibited a homogeneous round shape. As expected, HOB spheroids did not contain any CD31-positive cells (Figs. 3a-c) , whereas all cells in HDMEC spheroids strongly expressed the endothelial marker CD31 (Figs. 3d-f ). Both types of co-culture spheroids contained CD31-positive HDMEC. However, in contrast to the monoculture spheroids (Fig. 3d-f) , the HDMEC were organised in form of a dense network of tubular vessel-like structures in the co-culture spheroids (Figs. 3g-l) .
Immunohistochemical detection of cleaved caspase-3 revealed that HDMEC spheroids exhibited a significantly increased number of apoptotic cells when compared to the other spheroid types (Fig. 4) . This clearly indicates that HDMEC are much more susceptible to apoptotic cell death than HOB mono-cultures. Moreover, co-culturing of HDMEC with HOB or HOB-NHDF is an efficient strategy to prevent HDMEC apoptotic cell death.
Area and apoptotic cell death of transplanted spheroids
After transplantation into the dorsal skinfold chamber, the bisbenzimide-stained spheroids of all four groups could easily be delineated from the surrounding nonstained host tissue within the chamber due to their bright fluorescence signal in ultraviolet epi-illumination (Figs.  5a-d) . In addition, the bisbenzimide staining allowed for the quantification of apoptotic cells inside the spheroids, which could be identified by an increased chromatin condensation and fragmentation (Figs. 5e-h ). In line with our immunohistochemical results, this analysis revealed an increased number of apoptotic cells in HDMEC Fig. 3 . Immunfluorescence microscopy images of HOB spheroids (a-c), HDMEC spheroids (d-f), HOB-HDMEC spheroids (g-i) and HOB-HDMEC-NHDF spheroids (j-l) after generation by the liquid overlay technique. Sections are stained with bisbenzimide to identify cell nuclei (a, d, g, j, blue) and an antibody against human CD31 (b, e, h, k, red). c, f, i and l display merges of (a, b), (d, e), (g, h) and (j, k). Scale bars: 120 µm.
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Vascularisation of co-culture spheroids spheroids directly as well as 3 days after transplantation when compared to the other spheroid types (Figs. 5e-i).
Of interest, the area of HOB-HDMEC spheroids at day 14 was significantly increased when compared to day 0, whereas the spheroids of the other groups did not show marked changes in area (Fig. 5j) .
Vascularisation of transplanted spheroids
Repetitive intravital fluorescence microscopy revealed the presence of tubular vessel-like structures within all spheroid types, which contained HDMEC. Of interest, these structures were not perfused with FITC dextranlabelled blood plasma at the time point of microscopic observation and therefore appeared black in blue-light epi-illumination (Figs. 2b-e) . However, they contained erythrocytes, giving the spheroids an increasing red appearance during stereo-microscopy of the chambers over time (Fig. 6) . We termed this phenomenon as intrinsic vascularisation. As expected, no intrinsic vascularisation could be observed in the group of HOB spheroids due to the absence of endothelial cells inside the grafts (Fig. 7) . In contrast, all HDMEC-containing spheroid types exhibited an increase in the semiquantitative score for the assessment of intrinsic vascularisation throughout the observation period of 14 days (Fig. 7) . Interestingly, this increase was most pronounced in the HOB-HDMEC spheroids (Fig. 7) . Accordingly, individual HOB-HDMEC spheroids even presented with an intrinsic vascularisation between day 6 and day 14 after transplantation that exceeded the spheroid borders and grew out into the surrounding host tissue (Figs. 2e, 6c and 8f ). This indicates a strong angiogenic activity of the microvascular networks originating from the grafts' HDMEC. In line with these results, we found that HOB-HDMEC spheroids exhibited a higher take rate of 48.0 ± 13.9 % when compared to HOB-HDMEC-NHDF (20.8 ± 12.5 %) and HDMEC spheroids (10.0 ± 7.9 %). In contrast to the other groups, HOB spheroids did not show any FITC dextran-perfused microvessels at day 14.
At the end of the in vivo experiments, the dorsal skinfold chamber preparations were further analysed by immunohistochemistry. For this purpose, sections with spheroids were stained by means of an anti-human and an anti-mouse antibody against the endothelial cell marker CD31 to analyse the vessel origin inside the grafts. According to our intravital microscopic analyses, we found that the HOB spheroids only exhibited a very low density of microvessels of 32 ± 24 mm -2 , which were all of murine origin (Figs. 8a and b) . As expected, HDMEC 
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Vascularisation of co-culture spheroids spheroids contained mainly human microvessels with a density of 93 ± 57 mm -2 and only in rare cases also murine ones (8 ± 6 mm -2 ) (Figs. 8c and d) . The two types of coculture spheroids also exhibited a comparable low amount of murine microvessels (HOB-HDMEC: 3 ± 3 mm -2
and HOB-HDMEC-NHDF: 6 ± 2 mm -2 ). However, the microvascular networks inside these spheroids presented with a markedly higher density of human microvessels of 564 ± 165 mm -2 (HOB-HDMEC) and 452 ± 83 mm -2
(HOB-HDMEC-NHDF) compared to HDMEC spheroids (Figs. 8e-h ). Of interest, the lumina of human microvessels inside the three groups of HDMEC-containing spheroids were filled with erythrocytes, indicating that they had developed interconnections to the host microvasculature and were perfused (Figs. 8c-h ). In addition, some of the microvessels of human origin could even be detected outside the spheroids penetrating the host striated muscle tissue of the chamber preparation as a sign for their high proliferating activity (Fig. 8f) .
Discussion
Cell spheroids represent attractive units for the engineering of tissue constructs, because they provide a physiological three-dimensional environment with intensive cell-cell ) and a HOB-HDMEC-NHDF spheroid (d, h) directly (a-d) as well as at day 3 (e-h) after transplantation into the dorsal skinfold chamber of CD1 nu/nu mice. Note that the bisbenzimide-stained spheroids of all four groups can easily be delineated from the non-stained surrounding host tissue due to their bright fluorescence signal in ultraviolet epi-illumination (a-d). At higher magnification, the bisbenzimide staining also allows for the quantification of apoptotic cells inside the spheroids, which can be identified by an increased chromatin condensation and fragmentation (e-h, arrows). Scale bars: (a-d) = 140 µm; (e-h) = 16 µm. i, j: Apoptotic cells (n/HPF) in spheroids directly (0d) as well as at day 3 after transplantation (i) and spheroid area at day 14 (given in % of initial area) (j), as assessed by intravital fluorescence microscopy and image analysis. HOB spheroids (white bar, n = 24 in 8 animals for quantification of apoptotic cells and spheroid area), HDMEC spheroids (light grey bar, n = 18 in 6 animals for quantification of apoptotic cells, n = 24 in 8 animals for quantification of spheroid area), HOB-HDMEC spheroids (dark grey bar, n = 24 in 8 animals for quantification of apoptotic cells and spheroid area), HOB-HDMEC-NHDF spheroids (black bar, n = 24 in 8 animals for quantification of apoptotic cells and spheroid area). *p < 0.05 vs. HOB; # p < 0.05 vs. HOB, HDMEC and HOB-HDMEC-NHDF.
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contacts (Achilli et al., 2012) . Moreover, they can be generated as co-culture spheroids to simulate tissuespecific interactions of individual cell types with different functions (Wenger et al., 2004) . In line with these findings, we herein could demonstrate that co-culture spheroids consisting of 50 % HOB and 50 % HDMEC exhibit a high viability, proliferation and vascularisation under in vivo conditions. For the generation of our spheroids, we used the liquid overlay technique. According to previous studies (Metzger et al., 2011) this approach allowed for the rapid formation of stable spheroids consisting of defined cell numbers and composition with an excellent reproducibility and rate of yield. Immunohistochemical analyses revealed that spheroids solely consisting of HDMEC exhibited a markedly increased number of apoptotic cells when compared to HOB spheroids, indicating that the endothelial cells in mono-culture were much more susceptible to apoptosis than HOB. However, this could be completely prevented by co-culturing the HDMEC with HOB or HOB-NHDF. This supports the concept that different cell types can activate endothelial cell survival signalling pathways (Brown et al., 2004; Wenger et al., 2005; Fröhlich et al., 2008) . Vice versa, Steiner et al. (2012) recently reported that direct contact to endothelial cells increases the proliferation and reduces low-serum induced apoptosis Fig. 6 . Stereo-microscopic images of HOB-HDMEC spheroids (arrows) directly (a) as well as at day 3 (b) and day 14 (c) after transplantation into the dorsal skinfold chamber of a CD1 nu/nu mouse. Note that the spheroids exhibit an increasing red appearance over time, indicating that the newly formed microvascular networks of the grafts are progressively filled with erythrocytes. Scale bars: 13 mm. Fröhlich et al., 2008; Dariima et al., 2013) . Thus, the coculture of both cell types may represent a win-win situation, improving cell survival, proliferation and function. Another major advantage of HDMEC-containing coculture spheroids is the observation that these spheroids develop dense networks of tubular vessel-like structures under in vitro conditions. During the last few years, the generation of intrinsic microvascular networks in tissue constructs has emerged as a favourite vascularisation strategy in tissue engineering Lokmic and Mitchell, 2008) . In contrast to the timeconsuming ingrowth of newly formed blood vessels into tissue constructs at the implantation site, this strategy bears the major advantage that the intrinsic networks are rapidly perfused by inosculation, i.e., the development of interconnections to the host microvasculature (Laschke and Menger, 2012) . This may occur inside the implants (internal inosculation) or -in case of a high proliferating and angiogenic activity of the intrinsic networks -also outside the implants (external inosculation) (Laschke et al., 2009; Kuehl et al., 2013) . Herein, we found by immunohistochemical detection of human and murine CD31-positive microvessels that our co-culture spheroids almost exclusively vascularised by external inosculation. They only contained a few ingrowing murine microvessels at day 14, but dense networks of microvessels originating from the HDMEC. Some of these human microvessels could be detected outside the spheroids in the surrounding host tissue. Accordingly, we conclude that the humanderived microvascular networks exhibit a high survival rate, stability and angiogenic activity.
The formation of new blood vessels is a complex process, which does not only involve the activation and sprouting of endothelial cells, but which is also crucially dependent on other cell types, such as pericytes, smooth muscle cells and fibroblasts (Hetheridge et al., 2011; Nicosia et al., 2011; Ribatti et al., 2011) . Accordingly, we speculated in the present study that the additional incorporation of NHDF in HOB-HDMEC spheroids may further improve the vascularisation process of the grafts. However, this was not the case. In fact, HOB-HDMEC-NHDF spheroids even presented with a reduced intrinsic vascularisation when compared to the HOB-HDMEC spheroids. Moreover, they exhibited a decreased take rate and a lower microvessel density at day 14. These findings may be explained by the results of an in vitro study of Wenger et al. (2005) reporting that the sprouting activity of endothelial cells in spheroids is reduced when co-cultured with fibroblasts. This inhibitory effect seems not to be mediated by a paracrine mechanism, but is most likely due to the formation of heterogenic cell contacts between both cell types inside the spheroids (Wenger et al., 2005) . Therefore, we suggest that the high level of 50 % HDMEC in our HOB-HDMEC spheroids is more advantageous for their vascularisation than the addition of 25 % NHDF. Under physiological conditions, the amount of oxygen, which is required for cell survival, is limited to a diffusion distance of only ~150-200 µm from a supplying blood vessel (Folkman and Hochberg, 1973; Colton, 1995) . Thus, the initiation of vascularisation was a major prerequisite for the survival and proliferation of the cells inside the spheroids, which exhibited a thickness larger than 200 µm. In line with this view, HOB-HDMEC spheroids also exhibited a final area at day 14 after transplantation which was significantly increased when compared to the other spheroid types.
In summary, we could demonstrate in the present study that HOB-HDMEC spheroids exhibit a high viability and rapidly develop a functional vascularisation after transplantation. Accordingly, they may be suitable in bone tissue engineering for the seeding of appropriate scaffolds or for the vitalisation of non-healing large bone defects.
Conclusions
In the present study we used primary human cells (HOB, HDMEC and NHDF) to generate mono-and co-culture spheroids. We found that co-cultivation of HDMEC with HOB markedly improves the formation of tubular vessel-like structures within the spheroids and reduces apoptosis of endothelial cells when compared to monocultures. After transplantation, HOB-HDMEC spheroids exhibit a high viability and rapidly develop a functional vascularisation by developing interconnections between their intrinsic microvascular networks with the surrounding host microvasculature. Therefore, they represent highly promising vascularisation units for the development of novel bone tissue engineering strategies.
Discussion with Reviewers P. Habibovic: To further increase the impact of this work, it would be interesting to investigate the fate of implanted osteoblasts as well. These constructs are built to aid vascularisation of large bone tissue engineered constructs, and while indeed vascularisation is improved under HOB:HDMEC conditions, this is only useful if osteogenic differentiation or mineralisation of HOB cells is not negatively affected by the presence of endothelial cells. Authors: We agree with the reviewer that it would be interesting to further analyse the influence of HDMEC on the differentiation and mineralisation potential of HOB. However, for this purpose, it may be more appropriate to use a large bone defect model for the implantation of the spheroids, which provides a more natural environment supporting osteogenic differentiation than the skinfold. In the case of the present study, we have intentionally chosen the dorsal skinfold chamber as the transplantation site for our spheroids, because this model allows for the repetitive in vivo visualisation of individual microvessels and, thus, vascularisation inside the grafts, which was the focus of our R Walser et al. Vascularisation of co-culture spheroids experiments. Based on our promising results, we currently plan an additional study dealing with the performance of HOB containing spheroids as regenerative units in a large bone defect model.
